
Introduction

Following China’s industrial construction, 
economic development by leaps and bounds, “carbon” 
consumption is also increasing with each passing day. 

Accurate and stable gas detection plays an important 
role in air pollution prevention and industrial production 
[1-4]. With the development of laser absorption 
spectroscopy and optoelectronic devices [5-8], TDLAS 
and other related technologies are gradually applied, 
and have been widely used in industrial production, 
natural environment, diagnosis and treatment, food 
and many other industries [9-12]. In the process of the 
development of laser absorption spectrum measurement 
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instruments, scholars at home and abroad are 
constantly improving the detection limit and stability 
of measurement, and have done a lot of research on the 
influence of temperature and pressure on measurement 
accuracy [13-16].

At present, the manufacturers who can provide 
spectral measurement instruments include ABB of 
Canada [17-18] and Picarro of the United States [19-
22], whose products cover all kinds of greenhouse gas 
detection in various industries. In China, Hangzhou 
Focused Photonics Inc, Anhui Institute of Optics 
and Precision Machinery of the Chinese Academy 
of Sciences and Ningbo Haierxin Optoelectronic 
Technology Co., Ltd. can provide TDLAS gas analysis 
instruments in small batches. Most universities and 
research institutes are still in the laboratory research 
stage, which is still a long way from field application. 
The main problems of laser trace gas analyzer in small 
batch production include instrument control accuracy 
and so on, which will directly affect the stability of the 
analyzer.

From the principle of spectral measurement, it can 
be seen that the changes of temperature and pressure 
will affect the shape and intensity of spectral lines, 
the absorption of gas molecules and other physical 
quantities. In the process of studying the on-line 
detection technology of industrial engineering gas, Pang 
Tao [23] of Anguang Institute discussed the influence of 
temperature and pressure on the detection, and carried 
out correction experiments. It is pointed out that gas 
calibration is generally carried out at room temperature 
and pressure, and the change of temperature and 
pressure will cause large measurement errors.  
Cao Ke et al. [24] studied the temperature control of 
the decaying optical cavity and realized the fluctuation 
control of 0.05ºC at 31ºC through experiments.  
The standard deviation of temperature change is less 
than 0.01ºC, which can effectively improve the stability 
of the measuring device. Han Yan of Anguang Institute 
[25] designed a set of CO2 gas molecular stable isotope 
abundance detection system to control the temperature 
and pressure of the integral cavity. The temperature is 
296K, the pressure is 100 mbar and the pressure control 
precision is 1 mbar.

The stability control of temperature and pressure is 
very important for the stability and accuracy of spectral 
measurement results. However, the current research 
in this field can not reach the level of commercial 
instruments in Europe and the United States, which is 
a major obstacle to the production of laser absorption 
spectrum instruments, which is also the original 
intention of this study, hoping to solve this problem 
in engineering. Some organizations and researchers 
have also carried out varying degrees of research on 
temperature and pressure control in other fields [26-27]. 
The control theories and methods they use will also be 
used for reference to solve the problem of temperature 
and pressure control in laser absorption spectroscopy 
measurement from an engineering point of view.

Basic Principle

Principle of Absorption Spectrum Measurement

When the laser absorption spectroscopy technology 
is used for the detection of trace gas concentration, 
the laser at a specific frequency passes through the 
absorption pool of the mixed gas sample to be measured, 
and the measured transmitted light spectral information 
is obtained. After spectral processing and calculation, 
the volume fraction of the gas to be measured in the 
mixed gas can be obtained, and its relationship is as 
follows:

                (1)

Where, ν is the incident light wave number; C is the 
volume concentration fraction; L is optical path; P is 
the gas pressure; T is the gas temperature; φ(ν) is the 
absorption linear function obtained after normalization 
of integral area; S(T) [cm-2atm-1] is the spectral 
intensity of absorption spectral line at temperature T.

The change of temperature will cause the change 
of the opto-mechanical structure and the temperature 
of the target gas in the laser absorption spectrum 
measurement equipment, which will lead to the change 
of the refractive index of the target gas, thus affecting 
the measurement results. The temperature field can be 
expressed by the heat conduction equation:

         (2)

τ is time, T is temperature, A is thermal diffusivity of 
the material, λ is thermal conductivity, ρ is density, c is 
specific heat capacity, x, y and z are spatial coordinates.

Digital PID Control Principle

Digital PID control is one of the common basic 
theories in control technology. It applies the calculation 
function of embedded system to the basic theory of PID 
control, and completes PID control and variable value 
adjustment with computer language, which can make 
the control more flexible. Therefore, the continuous data 
information of PID control must be discretized. Trial-
and-error methods are commonly used in specific 
control applications and can be divided into positional 
and incremental methods.

The positional method usually discretizes continuous 
integration and differentiation. When the following 
similar formula becomes a different equation:

             (3)

       (4)
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Where, T is the sampling period time, k (1,2,3...) is 
the sampling frequency, and then the integral and 
differential calculation is replaced by the standard 
value and the first-order backward differential signal 
calculation. Then the position algorithm formula of 
discrete variables at k sampling moments can be 
expressed as:

 (5)

Formula (5) can be improved to obtain the expression 
formula of u (k-1) sample output:

 (6)

The difference between the above two formulas (5) 
and (6) can be calculated as follows:

 (7)

According to the above formula, after the values 
of A, B and C are determined, three deviation values 
can be calculated after A sampling period, and then the 
control output can be obtained. The Fuzzy Adaptive 
PID control (FA-PID) is based on incremental PID.

Overall System Design

The overall design block diagram of temperature and 
pressure control system for laser spectrum measurement 

is shown in Fig. 1. The optical machine part of the laser 
spectrum measuring equipment is placed in a closed, 
dry and clean constant temperature chamber, and the 
chamber adopts passive vibration isolation method to 
achieve effective vibration isolation. The casing of the 
control system adopts the design of “convex” shape 
multi-layer insulation and semiconductor cooler. With 
PID control algorithm as the core, the temperature 
control unit is designed with high precision temperature 
sampling module, analog-to-digital conversion 
module, driving circuit module, etc. Pressure control 
unit includes flow meter, high precision pressure 
sensor, vacuum pump and so on. Finally, the long-
term temperature change does not exceed 0.005ºC;  
The negative pressure can be stably controlled in the 
range of 100~200 mbar, and the control accuracy can 
reach 0.2%.

Temperature Control Scheme

Fig. 2 is a schematic diagram of temperature control 
scheme. When the ambient temperature changes, the 
resistance value of the temperature sensor changes 
accordingly, which can be converted into a potential 
difference using a constant current source, and then 
digital output through the analog-to-digital conversion 
circuit, and then transmitted to the embedded 
control system through the signal conditioning 
circuit. According to the difference between the set 
target temperature and the current temperature, the 
system adopts PID control algorithm to form a closed-
loop control, and its output passes through MCU control 
unit, so as to change the voltage amplitude loaded by 
TEC and realize automatic temperature control.

Pressure Control Scheme

Fig. 3 is a schematic diagram of pressure control 
scheme. The pressure in the cavity causes strain 
gauge deformation of the pressure sensor, resulting in 

Fig. 1. Overall design block diagram of temperature and pressure control system for laser absorption spectrum measurement.
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resistance change, which is converted into digital signal 
after A/D conversion. According to the test data, the 
control module of the pressure control system measures 
the current pressure value and compares it with the set 
pressure. After conversion, computer control data signal 
output to proportional solenoid valve, control gate valve 
opening.

Control System Identification

Analysis of Temperature Control System Model

The internal process of temperature and pressure 
control box used for laser absorption spectroscopy 
measurement is very complicated. It is obviously very 
difficult to use mechanism analysis method, even if 
the model is established, it is difficult to ensure its 
credibility, so experimental methods can be used to 
establish its model. In order to reduce the labor of 
manual calculation and reduce the deviation introduced 
by manual calculation, system identification auxiliary 
tools are used for identification. This auxiliary tool is 
a solution for sampling data information with discrete 

variables. The key is a package that uses the least 
square structure for model identification. Its overall 
design is more effective, clear and extensible, so it has 
been selected by many researchers. Fig. 4 is a schematic 
diagram of this experiment.

The operating system works under the required 
test load. After running stably for a period of time, the 
input of the system can be rapidly changed. Meanwhile, 
the input, output and conversion curves of the system 
can be recorded together with the data acquisition 
system. After a period of operation, the system will 
enter a new steady state. This curve in the middle can 
be thought of as the step response of the system. During 
the testing process, a step signal is applied to the 
controlled object TEC, and the temperature change 
is collected and measured at the sampling rate of 1S, 
and the corresponding relationship between time and 
temperature change is recorded. The step response 
curve is shown in Fig. 5.

Considering the characteristics of multi-layer box 
structure and temperature change, and referring to 
the research of many scholars, the transfer function 
should be hysteretic model. The model parameter 
identification is mainly completed by Matlab.  

Fig. 2. Schematic diagram of temperature control scheme.

Fig. 3. Schematic diagram of pressure control scheme.

Fig. 4. Schematic diagram of system identification experiment.
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The system identification toolbox of Matlab can 
Process the discrete sampling data. The Process Models  
module is used to adjust the parameters of the 
model and obtain the best value. Finally, the optimal 
mathematical model of temperature control equipment 
is clarified. The first - order hysteresis model and 
the second - order hysteresis model are selected to 
distinguish the conduction process. By comparison, the 
relationship is as follows:

                      (8)

                (9)

The output curve of the response system model 
shown in Fig. 6 can be obtained by analyzing the 

experimental data of the above two lag models. Through 
comparison, it can be found that the second-order model 
has a higher coincidence degree. After the second-order 
model was adopted, the Process Models module was 
used for continuous debugging, and the second-order 
delay model parameters with satisfactory coincidence 
were finally obtained, which reached 99.35%, laying a 
foundation for subsequent algorithm research.

The model output in Fig. 6 is basically the same 
as the actual output. Because the control loop has a 
certain robustness, the difference between the actual 
system and the simulation model can be regarded as 
the disturbance in the simulation, and the closed-loop 
control adopted in the experiment can eliminate the 
system disturbance. Therefore, the model meets the 
practical application conditions and can be modeled 
mathematically. Finally, the temperature control model 
of laser absorption spectrum discriminated by us is as 
follows:

      (10)

Analysis of Pressure control System Model

The pressure control system in this paper mainly 
includes: high-precision pressure sensor, proportional 
control valve, KNF vacuum pump and control circuit, 
as shown in Fig. 7.

It can be seen from the model that this is a nonlinear 
system and the transfer function is very complex. 
Therefore, the same method is adopted to identify the 
temperature control system. Through comparison, it 
can be found that the second-order model has a higher 
coincidence degree. In order to reduce the system 
complexity and facilitate the study, a second-order 
delay-free model was adopted, and the Process Models 

Fig. 5. Step response results of the system.

Fig. 6. Comparison of temperature control simulation models.
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disturbance can be eliminated. Therefore, the model 
meets the practical application conditions and can be 
modeled mathematically. Finally, the pressure control 
model of laser absorption spectrum analyzed by us is 
as follows:

              (11)

module was used for continuous debugging. Finally, 
satisfactory model parameters were obtained with a 
compliance of 95.55%, as shown in Fig. 8.

The model output in the figure is basically the 
same as the actual output. Due to the robustness of the 
control loop, there will be a certain difference between 
the actual system and the simulation results, which can 
be considered as the disturbance in the simulation. And 
the experiment is closed loop control, the system 

Fig. 7. Pressure control system scheme.

Fig. 9. FA-PID structure block diagram.

Fig. 8. Pressure simulation identification comparison.
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FA-PID Control Algorithm

The Algorithm Structure

Due to the second-order delay characteristic of the 
temperature control system software, once the external 
environment changes, the stability of the temperature 
control system will deteriorate due to the different 
input and output rates of the system. So it is very 
difficult to establish an accurate mathematical analysis 
model of system software directly. The accuracy of the 
temperature model discriminated above cannot reach 
100%. In order to better deal with this problem, this 

section takes the temperature FA-PID controller as an 
example to describe the design process of the system 
in detail, and carries out simulation with the help 
of software. Fuzzy inference machine is introduced 
into PID controller to complete fuzzy optimization 
control. According to the design characteristics 
of the system, the traditional digital PID control 
method of temperature and pressure measurement 
of laser spectrum is fuzzy and adaptive algorithm is 
used. According to the response of the system software, 
the controller can be adjusted in real time to achieve 
higher actual control effect. The framework is shown in 
Fig. 9.

Fig. 10. FA-PID control rules.

Fig. 11. Matlab simulation model.
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Fuzzy Input and Output

In the design, we define the temperature FA-PID 
controller of the laser absorption spectrum system as two 
inputs E and EC, and the outputs are ΔKP, ΔKI, ΔKD. 
According to E and EC, the parameters of fuzzy-PID 
controller are adjusted. The variable domains of E and 
EC are {-6, -4, -2, 0, 2, 4, 6} and {-3, -2, -1, 0, 1, 2, 3}, 
and then they are divided into seven levels with the 
language values of {NB, NM, NS, ZO, PS, PM, PB}.

Inference rule Library

Fuzzy control rule base is the core of FA-PID 
controller. In order to make the control rules more 
consistent with the characteristics of the system, the 
design method of the Fuzzy control rule base is as 
follows: First, in the Fuzzy toolbox, according to the 
empirical formula, the system is simulated and the 
response curve is obtained. Thus continuously adjust 
the fuzzy control rule table. According to this principle, 
the basic principles of adaptive fuzzy control rule table 
for setting temperature are as follows:

When e is large, small KD and large KP should 
be used to make the system have better tracking 
performance. At the same time, the integral size should 
be limited, generally set as KI = 0. This avoids large 
overshoot of system software response.

When E is at moderate levels for long periods, KP 
should be smaller to better enable the system to respond 
to smaller overshoots. In this case, the value of KD is 
very bad for the system, and the value of KI should be 
appropriate.

When E is relatively small, KP and KI should be 
large to improve system stability. At the same time, KD 
value should be selected according to EC value in order 

to prevent isoamplitude oscillation of the system. If EC 
is large, then KD should be small.

Simulation experiment and Discussion

Simulation Model

The temperature control system simulation 
model of laser spectrum measurement system was 
established, and the relevant parameters of the control 
system were adjusted through the established control 
simulation model, in order to get the best control effect.  
In this paper, Matlab was used for simulation. Firstly, 
set the input, output and system function of temperature 
control system, and then input the results of  
the experiment into the rule editor. KP, KI and KD 
rules, as shown in Fig. 10.

As shown in Fig. 11, three models are established 
in Matlab according to the determined optimal model 
function of the system, and the simulation output 
results are compared and analyzed. Among them, 
the traditional PID controller is adjusted by critical 
proportion method. First, the proportional coefficient 
(KP) of PID controller is set to the maximum,  
the integral time is increased as much as possible, 
and the differential time is set to zero. Then, the 
proportional coefficient (KP) is gradually reduced. 
When the output response curve turns into constant 
amplitude oscillation, the proportional coefficient (KP) 
and oscillation period are obtained.

Simulation results
 
After the system platform was built, the response 

curves of the three temperature controllers were 

Fig. 12. Simulation results of PID algorithm.
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simulated and compared. The simulated output is 
shown in Fig. 12. Yellow solid line: input step signal, 
dotted line: output response of traditional PID, dotted 
line: output response of self-tuning PID, solid line: 
output response of FA-PID. The results show that  
the fa-PID controller has almost no overshoot, and  
the control effect is better than the two controllers. 
Even if the simulation results of the created  
temperature control system model are ideal, errors 
are inevitable in the actual test due to the inconsistent  
gain values of the system entity model and the  
influence of the data signals of the unstable natural 
environment.

Conclusion

This paper mainly studies the following aspects in 
system identification method and control method:

1. In view of the influence of temperature and 
pressure changes on the measurement process of laser 
absorption spectrum technology, a system scheme for 
temperature and pressure control of the measurement 
system is proposed. It is required that the temperature 
fluctuation of the passing light part of the measuring 
system shall not exceed 0.005ºC for a long time, and the 
pressure control system can achieve the stable negative 
pressure of 100~200 mbar, and the accuracy can reach 
0.2%. In view of the above requirements, the design 
block diagram of temperature and pressure control is 
determined.

2. In order to implement internal environment on 
the laser absorption spectrum measurement system of 
high accuracy high stability control, first of all, it is 
necessary to establish the control system of temperature 
and pressure the best mathematical analysis model,  
it is beneficial to the temperature and pressure  
control algorithm to optimize the online simulation 
debugging, and then find the best strategy design, 
and explore its essence. The mathematical model of 
temperature control system is analyzed by step response 
method, and then the mathematical model of pressure 
control system is analyzed by correlation analysis 
method.

3. After the mathematical model is determined, in 
order to achieve better control accuracy, it is necessary 
to set the parameter values of PID controller. This 
parameter is of great significance to improve the 
dynamic and static data characteristics of the system 
and the characteristics of the decision controller. In 
order to solve the analysis model is not accurate, input 
and output rate of sync, vulnerable to the influence of 
changing external environment factors, such as a series 
of problems may affect the precision of PID control, 
the system proposes the fuzzy control is introduced 
into the laser absorption spectrum measuring system of 
temperature and pressure control, the application scope 
of the control system more widely.
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